Summary: A genetic variant can be represented in the Variant Call Format (VCF) in multiple different ways. Inconsistent representation of variants between variant callers and analyses will magnify discrepancies between them and complicate variant filtering and duplicate removal. We present a software tool vt normalize that normalizes representation of genetic variants in the VCF. We formally define variant normalization as the consistent representation of genetic variants in an unambiguous and concise way and derive a simple general algorithm to enforce it. We demonstrate the inconsistent representation of variants across existing sequence analysis tools and show that our tool facilitates integration of diverse variant types and call sets. Availability and implementation: The source code is available for download at
Introduction
Methods for calling genetic variants from sequence data are rapidly evolving beyond single nucleotide polymorphisms (SNPs), to more complex variants such as short insertions and deletions (indels), short tandem repeats (STRs), multi-nucleotide polymorphisms (MNPs), structural variations (SVs) and others. These different classes of variants are typically represented in the Variant Call Format (VCF) (Danecek et al., 2011) , which provides a format for storing variant calling results for diverse variant types generated by different tools.
Different sequence analysis software tools often represent the same sequence variant in different ways in a VCF file, making it non-trivial to integrate and compare variants across call sets. However, the impact of ambiguous variant representations on the analysis of sequence data is under-appreciated, and there is no standard guideline for consistent representation of variants.
Here we provide a formal definition and algorithm for variant normalization. Our definition and algorithm enable the representation of variants in an unambiguous, unique way. We show that existing variant calling software tools often do not consistently represent complex variants. Finally, we demonstrate how our normalization method helped integrate different variant call sets in the 1000 Genomes Project (1000 Genomes Project Consortium, 2012).
Variant normalization

Definitions
We define several terms related to variant normalization. A sequence is defined as a string of nucleotides. A reference sequence is a sequence representing the reference genome, and an alternate sequence is a sequence that differs from the reference sequence.
A variant is defined as a combination of a reference and at least one alternate sequence. A VCF entry is defined as a combination of (i) chromosome name, (ii) base position, (iii) reference allele and (iv) alternate alleles, where alleles are sequences of positive length. A VCF entry represents a variant, if-starting at the chromosome and base position indicated-its reference and alternate alleles exactly match the reference and alternate sequences of a variant while outside the portion represented by VCF is identical to the reference sequence. Figure 1 illustrates how multiple VCF entries can represent the same variant.
A VCF entry is normalized if and only if it is left aligned and parsimonious. A VCF entry is left aligned if and only if its base position is smallest among all potential VCF entries having the same allele length and representing the same variant. A VCF entry is parsimonious if and only if the entry has the shortest allele length among all VCF entries representing the same variant. The concept of left alignment is used across different sequence analysis tools such as GATK (DePristo et al., 2011) , but it has not been precisely defined. The left alignment and parsimony criteria ensure that a variant is unambiguously and concisely represented by a normalized VCF entry (see Lemma 1 in Supplementary material). Figure 1D is an example of normalized VCF entry.
Normalizing a VCF entry
While variant normalization is now clearly defined, verifying whether a VCF entry is normalized may appear challenging and even complicated.
We introduce a necessary and sufficient condition for a VCF entry to be normalized in a principled fashion:
1. The alleles end with at least two different nucleotides. 2. The alleles start with at least two different nucleotides, or the shortest allele has length 1.
The first condition ensures that the VCF entry is left aligned, and the second condition ensures that the VCF entry is parsimonious among all left aligned entries representing the same variant. Based on these simplified rules, a VCF entry can be normalized by the procedure described in Algorithm 1. Our algorithm has two parts. The first part focuses, counter-intuitively, on the rightmost base for each allele in bi-allelic or multi-allelic variant. Whenever this base is identical across all alleles, the variant start point can be shifted to the left. The second part simply trims redundant sequences at the beginning of each allele, ensuring that all alleles are represented uniquely and as tersely as possible (see Supplementary material for detailed proofs).
Results
Integration of 1000 Genomes Variant Calls
We applied our normalization method to the call sets contributed to the 1000 Genomes phase 3 consensus building process, excluding structural variants. The union of unfiltered call sets consists of 186 051 502 VCF entries. Among these, the majority represents SNPs, but 25 521 642 represent non-SNPs. We classified the non-SNP entries into MNPs, short insertions and deletions (indels) and the other complex variants (Table 1) . 5 057 823 (19.8%) non-SNP entries needed normalization, resulting in 473 767 (1.9%) redundant entries. The leftAlignAndTrimVariants tool in GATK, which is designed to normalize simple bi-allelic indels, produces results that match our algorithm for 96.6% of the variants, but fails to normalize 615 515 variants, most (99.9%) of which are multi-allelic indels. All unnormalized variants were parsimonious but not left aligned.
Existing variant resources including dbSNP
We also applied normalization on a published resource of arraybased bi-allelic indels (Mills et al., 2011) and observed that 3994 of 9996 (40%) of VCF entries were not normalized, and 1092 (11%) were redundant. Next, we normalized 6 367 920 non-SNP variants deposited in dbSNP 141 (Sherry et al., 2001) , and observed that 897 438(14.9%) entries were not normalized and 289 958 (4.6%) were redundant (Table 2) . After normalization, the overlap with 1000 Genomes phase 3 increased from 49 and 26 to 81% and 28%, respectively, for the array-based indels list and for dbSNP, while all alleles start with same nucleotide and length 2 do 8 : truncate the leftmost nucleotide of each allele 9 : end while 10 : return the VCF entry respectively. The overlap of the array-based indels list with dbSNP increased from 60 to 86% after normalizing both datasets. Our results highlight the impact of variant normalization on assessing the novelty and quality of non-SNP variants.
Conclusion
Consistent representation of genetic variants is important in many contexts of sequence analysis, including evaluation of variant quality, integration across datasets and functional interpretation of variants. We demonstrate that a substantial fraction of existing tools and resources need to be normalized, and propose a formal and easy-to-implement standard to represent a variant in VCF, with publicly available implementation. We expect that our principled proposal for variant normalization will facilitate more accurate analysis and integration of genetic variants.
